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Adjacent cells share ions, second messengers and small metab-
olites through intercellular channels which are present in gap
junctions. This type of intercellular communication permits coor-
dinated cellular activity, including contraction of cardiac and
smooth muscle [1—5], transmission of neuronal signals at electro-
tonic synapses [6, 7], and regulated secretion in both the exocrine
and endocrine pancreas [8, 9]. In addition, gap junctional com-
munication may also play important roles in pattern formation
during development [101 and control of cell growth [11],
Gap junctions are observed where the plasma membranes of
adjacent cells come into close apposition [12]. In freeze fracture
images, the gap junction appears as a dense array of particles in
the plasma membrane of one cell, with corresponding pits in the
membrane of the adjacent cell (Fig. 1A; [13]). Analysis of isolated
gap junctions by X-ray diffraction indicates that each of the
particles observed by freeze fracture corresponds to half of an
intercellular channel, called the connexon. Two connexons align
in the extracellular space to form a complete intercellular channel,
providing a relatively large hydrated pore between the cytoplasm
of the communicating cells (Fig. 1B) [14, 15]. Each connexon is an
oligomer of subunit proteins, called connexins. Current nomen-
clature appends the molecular mass predicted by cloned DNA
sequences to the family name connexin (Cx). For example, the 43
kD protein first identified in myocardial gap junctions is termed
Cx43 [16]. Connexin homologues from different organisms are
distinguished with a suitable identifying prefix.
The connexins are a multigene family with a complex tissue
distribution. Multiple connexins are often present in the same cell
type, and can even be in the same gap junctional plaque [17—19].
The size of the connexin family greatly complicates interpretation
of how multiple connexins interact in a tissue to coordinate
function. In the lens, there are only two differentiated cell types
which express three connexins, making it one of the least compli-
cated systems in which to study intercellular communication [20].
In contrast, skin is a more representative organ, utilizing at least
five different connexins in a complex and developmentally regu-
lated pattern of expression [21, 22].
The kidney provides an excellent example of the current
challenge in relating connexin diversity to organ homeostasis. Gapjunctions are present in the multiple cell types in the renal
vasculature, the juxtaglomerular apparatus, the glomerulus, the
proximal and distal convoluted tubules and the collecting ducts
[23—29]. The kidney expresses mRNA for connexins 26, 32, 37, 40,
43, 45, and 46 [16, 19, 30—33] and the expression of some of these
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connexins is developmentally regulated [33—351. The localization
of only three of these seven connexins is known in the developing
and adult rodent kidney. Cx26 and Cx32 first appear in the
proximal tubules of 17 days mouse embryos, and are abundant in
all proximal tubules after birth. Cx43 is first detected in the
mesenchemal cells of 12-day-old embryonic mouse kidney and is
widely expressed in the early tubule cells of the developing
nephron. Cx43 is then down-regulated, and in the adult tissue is
broadly distributed, with the greatest abundance in the collecting
ducts [34, 36]. The cellular localization of the other four connexins
which are expressed in kidney is not currently known.
Molecular cloning and structural similarities of the
connexin family
The diversity of the connexin family was first revealed by
biochemical analysis of gap junctions isolated from different
tissues. These studies demonstrated that gap junction proteins
from heart, liver, and lens had unique electrophoretic mobilities,
tryptie peptide maps, and amino terminal protein sequences [17,
37—40]. The existence of multiple gap junction proteins was both
confirmed, and rapidly expanded upon by the molecular cloning
of the connexin genes [16, 19, 30—33, 41—45]. At present, 13
different members of the connexin family have been identified in
rodents, and homologous DNAs have been isolated in several
other vertebrate species (Table 1). All of the connexin proteins
analyzed thus far share a common structural motif, consisting of
four transmembrane domains linked by one cytoplasmie and two
extracellular loops, with cytoplasmic amino and carboxy termini
(Fig. 2A) [46—50]. The transmembrane domains and extracellular
loops are highly conserved among different connexins, whereas
the major cytoplasmic domains are unique in both sequence and
length (Fig. 2B) [32].
Permeability of intercellular channels
One consequence of the molecular diversity in the connexin
family is that intercellular channels assembled from different
connexin proteins may have unique molecular permeabilities. Gap
junctions are traditionally described as relatively non-selective,
permeable to a wide variety of molecules with a size smaller than
—1200 Daltons [51, 52]. However, recent evidence indicates that
intercellular channels composed of different connexins show very
different permeabilities to dyes and even small ions. Steinberg et
al [53] compared intercellular communication in two cell lines of
osteoblastic origin that differed in their connexin expression. The
lines showed equivalent levels of electrical coupling but cells
expressing Cx43 freely transferred microinjected Lucifer Yellow
(457 Daltons) while cells expressing Cx45 could not. Another
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Table 1. Cloned vertebrate connexins
Rodent Chicken Frog Human References
Cx26 HuCx26 [31, 121]
Cx30 E. DahI and K. Willecke
(personal communication)
Cx30.3 [44]
Cx31 [117]
Cx31.1 [32]
Cx32 XenCx3O HuCx32 [30, 41, 116]
Cx33 [32]
Cx37 XenCx38 HuCx37 [43, 81, 88]
Cx40 ChCx42 [32, 115]
Cx43 ChCx43 XenCx43 HuCx43 [16, 68, 89, 119]
Cx45 ChCx4S [33, 115]
Cx46 ChCx56 [19, 120]
Cx50 ChCx45.6 [45, 118]
Cx37 and Cx40 had reduced permeability to 6-carboxyfluorescein
(376 Daltons), compared to Cx43. In addition, Cx37, Cx40 and
Cx45 exhibited very different permeabilities to chloride ions [5I.
Together these results imply that intercellular channels may
exhibit much greater selectivity for small molecules and ions than
previously thought. Gap junctions have been demonstrated to be
permeable to cyclic nucleotides, calcium ions and inositol
trisphosphate [55, 56]. Whether different connexins make chan-
nels that are selectively permeable to these signaling molecules is
currently unknown.
Fig. 1. Gap junctions are collections of intercellular channels. (A) Typical
appearance of a gap junction viewed by freeze fracture electron micros-
copy. A gap junction between two proximal convoluted tubule cells is
characterized by the dense array of particles in the membrane of one cell,
which correspond to the pits present in the membrane of the adjacent cell.
The pits and particles correspond to individual connexons. Micrograph
provided by Dr. Daniel A. Goodenough. Bar = 100 nm. (B) Structural
model of a gap junction as revealed by X-ray diffraction. Each connexon
is represented as a hexamer of connexin proteins, forming an pore with a
maximum diameter of 2 nm. An intercellular channel is formed from two
connexons, one provided by each cell, which have become aligned to form
a continuous aqueous path connecting the cytoplasm of the two cells.
Reproduced from [15].
series of experiments utilized a communication-deficient cell line
transfected with Cx37, Cx40, Cx43, or Cx45. In each case, com-
munication was restored when assessed by electrical coupling, but
Functional expression reveals that
connexins interact selectively
While early experiments demonstrated that a wide variety of
vertebrate cell types indiscriminately communicated in co-culture
[57, 58], selective patterns of intercellular communication have
been frequently observed in vivo [59—641. These 'communication
compartments' are characterized by clusters of cells that are
permeable to dyes within, but not between, adjacent groups, nd
are frequently observed during developmental differentiation
[reviewed in 10].
Therefore, the expression of multiple connexins may limit
rather than facilitate, communication between groups of cells.
The ability of different connexins to interact can be tested by the
selective expression of individual connexins, either by injecting
synthetic mRNA into pairs of Xenopus oocytes, or by stably
transfecting communication-deficient cell lines [65—70]. Since the
intercellular channel spans two membranes, adjacent cells could
contribute different connexins. An intercellular channel is defined
as homotypic when the same connexin is present in both connex-
ons, or heterotypic when different connexins are expressed by the
neighboring cells. Although many connexins readily form hetero-
typic channels in functional expression assays [35, 66, 69, 71],
recent evidence indicates that heterotypic channel formation can
be a selective process. For example, Cx43 forms channels with
Cx37, and Cx37 functionally interacts with Cx40, but Cx40 and
Cx43 are incompatible [72]. Similarly, Cx50 does not form het-
erotypic channels with Cx43, while Cx46 is compatible with both
Cx43 and Cx50 [73]. In both sets of experiments, all of the
connexins tested are found in adjacent cells in vivo, which are
known to be coupled by gap junctions. Selectivity of intercellular
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cytoplasmic NT
50
40
C
a,
30V0
Ca
20
10
0 NT Ml El M2 CL M3 E2 M4 CT
Connexin domain
Ml
terminal half of Cx43 (including E2), forms channels with
XenCx38 [75]. Cx43 also functionally interacts with Cx46 but not
Cx50 (see above). Inserting the E2 from Cx46 into CxSO confers
upon the chimera the ability to form heterotypic channels with
Cx43. Similarly, when the E2 domain in Cx46 is replaced with the
E2 of Cx50, the resulting chimera no longer functionally interacts
with Cx43 [73]. Whether all selective connexins discriminate
between different partners on the basis of their E2 sequences
remains to be determined.
A surprising finding is that two connexins, Cx31.1 and Cx33, do
not form homotypic intercellular channels in the paired oocyte
assay [44, 75]. One possibility is that Cx33 may play an inhibitory
role in intercellular communication. Coexpression of Cx33 and
Cx37 in the same cell completely abolishes coupling between
paired oocytes, while coexpression of Cx33 with Cx43 only mod-
erately reduces conductance between the paired cells [76]. While
the potential consequences of an inhibitory role for Cx33 are
currently unknown, expression of a chimeric connexin which
behaved as a dominant negative inhibitor has profound effects on
the development of Xenopus embryos. When mRNA encoding the
dominant negative chimera is injected into dorsal anterior cells of
eight cell Xenopus embryos, the daughter cells are deficient in
intercellular communication, and affected tadpoles show a loss of
antero-dorsal structures [771.
Voltage sensitivity of intercellular channels
Fig. 2. Schematic diagram of a prototypical connexin protein, showing
membrane topology and domains of conserved •) and unique (LI) se-
quences. (A) Connexins have four transmembrane domains (M1—M4)
linked by one cytoplasmic (CL) and two extracellular loops (El, E2), with
cytoplasmic amino (NT) and carboxy (CT) termini. (B) Quantitation of
amino aeid identity among eonnexins by domain. Amino acid sequences of
the twelve published rodent connexins were aligned and quantiated with
the PILEUP and PRETTY programs of the University of Wisconsin
Genetics Computer Group. Values represent the percent of amino acid
residues conserved among all twelve connexins in each domain. Domain
boundaries reflect the topology proposed for Cx32 [471. The first extra-
cellular (El) and second transmembrane (M2) domains show the greatest
sequence conservation (40%). The other transmembrane domains, the
second extracellular loop, and the amino terminus are well conserved (20
to 28%), while the major cytoplasmic regions are unique.
channel formation appears to be a general phenomenon, dis-
played by all members of the connexin family [74], and may be one
mechanism for establishing communication boundaries.
Domain swapping experiments suggest that the second extra-
cellular domain (E2; Fig. 2) plays an active role in the determi-
nation of compatibility between some members of the connexin
family. Cx43, but not Cx32, has the ability to form intercellular
channels with Xenopus Cx38 [66, 71]. A chimera which contained
the amino terminal half of x32 (including El) and the carboxy
The conductance of intercellular channels is modulated by
voltage differences between the two coupled cells (transjunctional
potential, V [35, 43, 44, 69, 70, 72, 73, 75, 78—81]), and in some
cases by a voltage difference between the cell cytoplasm and the
outside bath (membrane potential, V0) [69, 73, 821. Generally,
changes in conductance happen on a slow time scale (seconds),
although significant conductance changes can occur much faster
(< 5 milliseconds). Both fast and slow voltage sensitivity may
account for communication phenomenon that have been observed
in vivo. At the electrotonic synapse between the crayfish lateral
giant axon and the giant motor fiber, pre-synaptic depolarization
results in conductances fiftyfold greater than equivalent post-
synaptic depolarization. This observed rectification occurs on a
sub-millisecond time scale [6]. Heterotypic channels have been
proposed as the molecular mechanism underlying rectification at
electrotonic synapses [83], and rectification is seen in vitro, in
heterotypic junctions containing two connexins which differ in
their response to voltage [66, 69]. However, the identities and
electrical properties of connexins present in rectifying synapses
are not known.
In non-excitable tissues, the role of voltage dependence is less
clear, but may provide a general mechanism for coupled cells
within a tissue to segregate from an injured or dying neighbor cell.
Another role for voltage sensitivity is suggested by studies of
amphibian development. Theoretically, communication compart-
mentalization could result from sensitivity to transjunctional
voltages if the resting potentials of adjacent cells were maintained
at different levels [84]. In Xenopus embryos, intercellular commu-
nication occurs within, but not between, groups of cells as early as
the 32 cell stage [85, 86]. At this developmental stage, the only
connexin known to be present is Xenopus Cx38, which forms
channels that are very sensitive to small transjunctional potentials
[75, 87—89]. It is possible, though not demonstrated, that voltage
sensitivity could contribute to compartmentalization in this case.
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Fig. 3. Novel voltage sensitivities can result from the interaction of different
connexins in heterotypic channels. Initial (LII) and steady state (•) conduc-
tances were plotted at different applied transjunctional potentials for
homotypic and heterotypic channels composed of (A) Cx32 and (B) Cx46.
Cx32 and Cx46 homotypic channels display similar voltage sensitivities,
characterized by little or no instantaneous response, and symetrical steady
state sensitivity (data taken from [73, 751). (C) In sharp contrast, Cx32/
Cx46 heterotypic channels exhibit notable instantaneous rectification, and
a highly asymetric steady state sensitivity. These differences were quanti-
tated by fitting the data to a Boltzmann equation [921, whose parameters
are given in Table 2 (R. Bruzzone and T.W. White, unpublished data).
Table 2. Boltzmann parametersa of rodent connexins expressed in
Xenopus oocytes"
Cx [condition]0 A n V0 mV Gjmin
Homotypic
Cx26 [+ Vj 0.14 3.5 82 0.17
Cx26 [— Vj] 0.14 3.5 89 0.36
Cx30.3 0.08 2 72 0.23
Cx32 0.09 2.2 55 0.19
Cx37 [fasti 0.09 2 60 0.40
Cx37 [S1] 0.44 11 16 S2
Cx37 [S21 0.09 2 40 0.12
Cx40 0.32 8 35 0.19
Cx43 {+ Vjj 0.07 1.8 55 0.18
Cx43 [— Vj 0.09 2.2 59 0.40
Cx46 0.09 2.2 67 0.10
Cx50 0.34 8.5 18 0.14
Heterotypic
Cx26/Cx32 [— Vj] 0.14 3.5 73 0.10
Cx32/Cx46 [+ Vj] 0.21 5.3 63 0.36
Cx37/Cx40 [— Vj, fast] 0.07 2 51 0.18
Cx37/Cx40 1+ Vj] 0.33 8 26 0.26
Cx37/Cx40 [— Vj] 0.26 6 19 0.30
Cx43/Cx46 [+ Vii 0.13 3.3 38 0.05
Cx43/Cx46 [—Vii 0.08 2.0 83 0.49
Cx46/Cx50 [— Vj, fast] 0.14 3.5 64 0.76
Cx46/Cx50 [+ Vj] 0.17 4.3 27 0.12
Cx46/Cx50 [— Vj] 0.17 4.3 28 0.18
a Data were fit to a Boltzmann equation of the form: Gjss = (1-
Gjmin)I{1 + exp(A[V — V0])} + Gjmin, where Gjss is the steady State
conductance, Gjmin is minimum conductance, A is the cooperativity
constant, which can also be expressed as the gating charge n, where n =
A(kT/q) [k = Boltzmann constant; T = absolute temperature; q =
elementary charge], and V0 is the voltage at which the decrease in Gjss is
half maximal.
bValues taken from [35, 43, 44, 69, 731.
Vj refers to the polarity of the transjunctional potential. If not
indicated, response was symetrical. Fast refers to instantaneous changes in
Gj. S1 and S2 are two superimposed slow voltage responses (see [43]).
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Later in Xenopus development, communication compartments
exist that exhibit stable differences in electrical potential. In
differentiating mesoderm, cells in the dermatome and myotome
layers are electrically coupled within, but not between layers. The
average resting potentials of cells in these two adjacent layers
differ by 40 mV [901. It has been postulated that junctional
voltage-sensitivity may establish the communication boundary
between these cells [84], although it is not known which connexins
are expressed at this later stage.
Because intercellular channels can be homotypic or heterotypic,
it is of interest to determine whether connexons composed of a
particular connexin have an intrinsic sensitivity to voltage regard-
less of which connexin is present in the opposing connexon [91].
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Figure 3 demonstrates that allosteric interactions between oppos-
ing connexons generate intercellular channels with novel proper-
ties. The voltage dependence of Cx32 (Fig. 3A) and Cx46 (Fig.
3B) homotypic channels are quite similar, showing little steady
state sensitivity at transjunctional potentials less than 50 mV, and
no appreciable instantaneous voltage dependence. In contrast,
heterotypic x32Ix46 channels (Fig. 3C) show a highly asymmet-
ric instantaneous voltage dependence, and a complete loss of
steady-state voltage dependence when the Cx32 cell is relatively
positive. Quantitation of connexin voltage dependence is fre-
quently modeled by a Boltzmann relation [921. Although some of
the Boltzmann assumptions may not be met by all intercellular
channels [81, 93] this analysis still provides useful parameters for
comparing the responses of different connexins when expressed in
the same experimental system. The Boltzmann parameters of
other homotypic and heterotypic channels analyzed in the paired
oocyte system are summarized in Table 2. Comparison of the
values presented in Table 2 clearly indicate that voltage-depen-
dent closure of heterotypic channels containing a given connexin
is dramatically influenced by which partner connexin is contrib-
uted by the adjacent cell [35, 69, 73, 75].
Differences in voltage dependent closure help to establish the
relationships between connexins from different species when
sequence identity alone is equivocal. This functional homology is
illustrated for connexins expressed in the paired oocyte assay in
Figure 4. Xenopus Cx38 has no clear mammalian homologue,
although it shows the greatest sequence identity with Cx37 (66%).
Both connexins display a fast voltage dependence, and exhibit
slight deviation from the fitted Boltzmann equations at large
transjunctional potentials (Fig. 4 A, B). This type of deviation is
modeled for rodent Cx37 as an indication of multiple gating
phenomena, not fit by a single Boltzmann equation [43]. The
equivalent responses of these two connexins to imposed transjunc-
tional potentials supports the hypothesis that they represent
homologous proteins in amphibians and rodents. Similarly, Chick
Cx45.6 displays the greatest sequence identity to Cx50,but is also
highly related to Cx46. The voltage dependence of ChCx45.6 (Fig.
4C) is virtually identical to that of Cx50 (Fig. 4D), and very
different from Cx46 (Fig. 3B), confirming that ChCx45.6 is indeed
the counterpart of Cx50 and not Cx46. Of all rodent connexiris,
Cx46 also has the unique property of forming voltage dependent
channels in single Xenopus oocytes [19, 79]. Among connexins in
other species, this property is only shared by Chick Cx56 [801,
which also has the highest sequence homology with Cx46 (62%),
again implying that Cx46 and ChCxSô share functional identity.
Taken together, these data suggest that functional criterion can
aid in the determination of homologous gap junction proteins
between species when sequence identity alone is not conclusive.
Defining the molecular basis of the distinctive voltage proper-
ties of intercellular channels formed from different connexins has
remained a difficult task. Molecular studies with other channels
have identified the domains which are critical determinants of
voltage sensitivity [94, 95J. For example, voltage-dependent Na ,K and Ca2 channels share a unique stretch of amino acids,
termed S4, that spans the plasma membrane and contains a
positively charged residue at every third position [961. While
connexins lack an equivalent of the S4 domain, recent progress
has indicated that crucial voltage gating determinants lie within
the first extracellular and second transmembrane domains (El,
M2; Fig. 2). Chimeras constructed from Cx32 and Cx26 suggested
that El may contribute to the voltage sensing mechanism [97, 98].
When the first extracellular domain of Cx32 was replaced with the
same domain of Cx26, the resulting chimera made homotypic
channels with a V0 value of 96 mV, which was quite close to the
value for homotypic Cx26 channels, and significantly shifted from
the value for homotypic Cx32 channels (Table 2).
Exchange of only the first two amino acids in the El between
Cx26 and Cx32 illustrated the molecular basis for the rectification
observed in heterotypic Cx32/Cx26 intercellular channels [69, 99,
1001. These authors postulate that rectification occurs because
connexons composed of Cx26 and Cx32 close in response to
voltages of opposite polarities (Fig. 5). Cx26, like most other
connexins, closes in response to relative positivity at the cytoplas-
mic end of the channel (Fig. 5A). In contrast, Cx32 closes when
relatively negative (Fig. 5B), and this results in rectification when
Cx32 is heterotypically paired with other connexins (Figs. 3C and
SC). The difference in polarity between Cx26 and Cx32 has been
attributed to charge differences in the amino terminus, Cx26 has
a negatively charged residue at the second position, whereas Cx32
has a neutral charge [100]. However, other residues are also
involved in sensing transjunctional potentials. Alteration of
charges in all four membrane spanning domains of Cx26 reversed
the polarity of gating with respect to wild type Cx26 [loll.
Mutation of a proline residue in the second transmembrane
domain of Cx26 resulted in connexons which had a dominant
rectifying phenotype when paired with either wild type Cx26 or
Cx32 [102]. These authors concluded that this proline, which is
conserved among all members of the connexin family, may act as
a transduction element between the voltage sensor and the
voltage gate of intercellular channels. Together, these studies do
not identify a single domain within connexins that dictates voltage
properties of gap junction channels, but suggest that complex
interactions between different domains, most likely including El
and M2, are involved in the specification of a given connexins
voltage gating.
Regulation of intercellular communication by kinases
The permeability of intercellular channels is also regulated by
post-translational modification. While the activation of viral and
cellular kinases modulates intercellular communication [103], the
molecular mechanisms underlying these effects are poorly under-
stood, In normal rat kidney cells viral src tyrosine kiriase (v-src)
rapidly inhibits intercellular communication. This inhibition did
not result in altered gap junction morphology, suggesting that
reduced permeability may be due to a direct effect on the channel
proteins [1041. Intercellular communication is also affected by
growth factors whose receptors are tyrosine kinases. Epidermal
growth factor (EGF), or platelet-derived growth factor (PDGF)
reduce the permeability of intercellular channels in cell lines
which express their respective receptors [105, 1061. Again the
effect is very rapid, dose dependent, and reversible, consistent
with the closure of existing channels, rather than an alteration of
rates of assembly or disassembly of the gap junctions.
The inhibition of communication by distinct kinases involves
phosphorylation of the channel proteins. Cx43 is specifically
phosphorylated on tyrosine in the presence of v-src, and this
tyrosine phosphorylation is correlated with inhibited communica-
tion [107]. In the paired Xenopus oocyte assay, the effects of v-src
are connexin specific, Cx43 intercellular channels are completely
0
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Fig. 4. Functional properties can be used to identify homologous connexins in different species. Initial () and steady state (•) conductances were plotted
at different applied transjunctional potentials for homotypic channels composed of rat Cx37, XenCx38, ChCx45.6 and Mouse Cx50. (A) Rat Cx37 and
(B) Xenopus Cx38 display a fast voltage dependence, and exhibited deviation from the fitted Bottzmann equations at large transjunctional potentials.
The equivalent responses of these two connexins to imposed transjunctional potentials supports the hypothesis that they represent homologous proteins
in amphibians and rodents. (C) Similarly, chick Cx45.6 showed the greatest sequence identity to (D) mouse Cx50, but was also highly related to rat Cx46.
The voltage dependence of ChCx45.6 is virtually identical to that of Cx50, and very different from Cx46 (Fig. 3B), confirming that ChCx45.6 is indeed
the counterpart of Cx50 and not Cx46 (data taken from [72, 73, 75, 118]).
inhibited by v-src while channels composed of Cx32 are unaf-
fected. In addition, mutation of a single tyrosine residue to
phenylalanine in the carboxy terminus of Cx43 results in mutant
channels which function normally, but are resistant to v-src
mediated closure [1081. The biological implication of Cx43 regu-
lation by v-src remains unclear, although it is often discussed in
the context of transformation and growth control [11]. The
cellular src gene also down-regulates intercellular communication
when expressed at high levels [109].
The interaction between the EGF and PDGF tyrosine kinase
receptors and Cx43 is more complex. Treatment of cells with EGF
inhibits communication, but without phosphorylation of Cx43 on
tyrosine. EGF induces specific phosphorylation of Cx43 on serine
residues, and this may be mediated by a signal cascade that
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tion of intercellular communication and growth factor signal
transduction could provide a powerful mechanism for regulating
organ development and homeostasis.
Reprint requests to David L. Paul, M.D., Department of Neurobiology,
Harvard Medical School, 220 Longwood Avenue, Boston, Massachusetts
02115, USA. email: dpaul@warren.med.harvard.edu
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